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Abstract  

i n  c c a l  have been used, a more r e l i a b l e  and independent method is  
i?-.edsci t o  c o r r e l a t e  and check the  r e s u l t s  obtained i n  var ious  labora-  
Lor i e s .  T n i s  paper p re sen t s  a new method for t he  determinat ion of 
q-ciroxyl groups i n  c o a l  based on the  formation of t r i m e t h y l s i l y l  e the r s ,  
R03i(CH3)3, by t r e a t i n g  coa l  with hexamethyldis i lazane,  (CH3)3SiNHSi(CHs)S 
and t r ime thy lch lo ros i l ane ,  (CH3)3SiCl, i n  pyr id ine  at  about 115°C. The 
r e s u l t i n g  de r iva t ivek  a r e  analyzed f o r  s i l i c o n  t o  c a l c u l a t e  t he  hydroxyl 
cor,tent i n  the  coa l  samples. Experiments on model compounds have shown 
t n a t  hydroxycarbonyl compounds and even h ignly  hindered phenols (2,6-di-  
t -bu tg lpnenol )  form t r i m e t h y l s i l y l  e t h e r s  q u a n t i t a t i v e l y  under r e a c t i o n  
cona i t ions .  

Although a number rtf methods f o r  determining hydroxyl groups 
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In t roduc t ion  

Although a number of methods have been used f o r  dstermining 
hydroxyl groups i n  c o a l s , y  a more r e l i a b l e  and independent mechod i s  
needed f o r  c o r r e l a t i n g  and checking the  r e s u l t s  of  va r ious  l a b o r a t o r i e s .  
This  paper p r e s e n t s  prel iminary work on t h e  determinat ion of hydroxyl 
groups i n  coa l  by the  formation of t h e i r  t r i m e t h y l s i l y l  e t h e r s .  Tne 
method appears t o  o f f e r  an e x c e l l e n t  way f o r  determining t h e  hydroxyl 
content  of c o a l s  as w e l l  a s  providing a means f o r  i n t roduc ing  a pro- 
t e c t i v e  group which i s  e a s i l y  removed. , 

Work i n  these  l a b o r a t o r i e s  has shown that  hexamethyldi- 
s i l a z a n e  (I) r e a c t s  q u a n t i t a t i v e l y  wi th  hydroxyl groups, i nc lua ing  
even t h e  most hindered ones, according t o  the. f o l l o w i r !  equat ion (1): 

2ROH i- (CH3)~SiNHSi(CH3)3 - 2ROSi(CH3)3 + NH3. 

I I1 

The r e s u l t i n g  t r i m e t h y l s i l y l  e t h e r  (11) i s  thermally s t a b l e  and 
r e s i s t a n t  t o  ox ida t ion .  The s t a r t i n g  compound, .however, i s  e a s i l y  
recovered from t h e  e t h e r  by hydro lys i s .  

T h i s  reagent  was f irst  used f o r  q u a n t i t a t i v e  determinat ion 
of hydroxylated compounds i n  the a n a l y s i s  of mixtures  of Fischer-  
Tropsch a lcohols ,  by mass-spectrometric a n a l y s i s  of t h e i r  t r imethyl-  
s i l y l  e t h e r s  (2) .  
the  o r i g i n a l  a l coho l  mixtures.  Reaction between t h e s e  a l i p n a t i c  
a l coho l s  and reagent  (I) was rap id .  and q u a n t i t a t i v e .  

prompted an i n v e s t i g a t i o n  i n t o  i t s  use f o r  hydroxyl groups p re sen t  i n  
hydrogen-bonded hydroxycarbonyl compounds such a s  1,5-dihydroxyanthra- 
quinone (111). Hydrogen-bonded quinone groupings such as a r e  found i n  
t h i s  compound have been pos tu l a t ed  t o  e x i s t  a l s o  i n  c o a l  (3,4).  T n i s  
compound i s  repor t ed  t o  form a dimethyl e t h e r  only under r a t h e r  severe 

The mixture of e t h e r s  was more e a s i l y  analyzed than 

The r e a c t i o n  was equa l ly  adaptable  t o  simple phenols; t h i s  

r /  For a review of these  methods, see r e fe rence  6. 
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reaction conditions (5); i.e., when its dipotassium salt is heated with 
dimethyl sulfate at 140°C. It forms a bis(trimethylsily1)ether (IV) 
readily on refluxing in hexamethyldisilazane; the reaction is essentially 
quantitative. 

H (CH3 )3Si, 
\ 

0 . o  & + (CH3)3SiNHSi(CH3)3 - i- MI3 

0, 0 
H Si (CHs 3 

I11 IV 

The related 1,4- and 1,8-dihydroxyanthraquinones (V, VI) as 
well as the hydrogen-bonded keto-phenol, 2,4-dihydroxyacetophenone 
(VII), also react readily to form trimethylsilyl ethers. 

V VI VI1 

The conpoun? 6,1l-dihydroxynaphthacene-9,10-quinone (VIII), which is 
similar to 1,4-dihydroxyanthraquinone, was found to acetylate to the 
extent of only 10 percent, and metnylate to the extent of 5 percent (6). 

H\ 
__- 

/ 

O P H 
VI11 ,-- 

t Further work has demonstrated that a highly-hindered phenol, 
2,6-di-t-butylphenol (IX), reacts quantitatively with hexamethyl- 
disilazane in the presence of  trimethylchlorosilane and pyridine to 
form a stable trimethylsilyl ether (X) which can be used as a derivative 
of  the phenol. 

-- 
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i Reported attempts t o  form o the r  d e r i v a t i v e s  of t h i s  hindersd 
’phenol ind ica te  t h a t  it i s  necessary t o  form the sodium sa l t  i n  l i q u i d  
!ammonia f i r s t  before any reac t ion  w i l l  take place ( 7 ) .  

I represents  a convenient and quan t i t a t ive  method f o r  tne formation of 

Thus, even i n  
the  case of a hindered phenol, r eac t ion  with hexametnyldisilazane 

a de r iva t ive ,  

s tances  were d i s t i l l e d  off  under vacuum, leaving 2.6 5 .  o f  s o l i d  
which was r ec rys t a l l i zed  from petroleum e the r  (b.p.  60-68). The 
orange crysjials,  m.p. 138-142Oc. , had an in f r a red  spectrum with 
absorpt ion bands at  8.0, 9.45, 11.80, and 13.25,.’2, a l l  o f  wnicn have 
been found t o  be common t o  phenyl t r i rne thy l s i ly l  e the r s .  I n  addi t ion,  

The same procedure has been appl ied t o  a s e r i e s  of coals ,  
I w i t h  the formation of the t r i rne thyls i ly l  e t h e r s  of  the  hydroxyl groups 

i n  the  coa ls .  The der iva t ives  have been analyzed f o r  s i l i c o n  t o  
ca lcu la te  the percentage of hydroxyl i n  the  o r i g i n a l  coal .  

I Experimental Procedures and Results 

’ Preparat ion of Tr imetnyls i ly i  Ether  of 1 , 5-Dihydroxyanthraquinone 

1 Preparat ion of Tr imethyls i ly l  Ethers of Other Hydrogen-bonded Hydrcxy- 
carbonyl Compounds 

By the same procedure der iva t ives  were prepared from 1,8- I 1 dihydroxyanthraquinone, lJ4-dihydrox.yanthraquinone and 2,4-dihydroxy- 

I der iva t ives ,  Figures 2 and 3, showed the  same changes i n  spec t r a  which 
I were noted i n  the case of  the lJ5-dihydroxyanthraquinone. 

acetophenone. The in f r a red  spec t ra  of t h e  l a s t  two compounds and t h e i r  
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Preparation of Trimethylsilyl Ether of 2,6-di-t-butylphenol 

hours with 5 r n l .  of hexarnethyldi'silazane and 10 ml. of trimethylchloroL 
silane in 25 ml. of dry pyridine. Ammonium chloride sublimed into the 
condenser and the color of  the solution changed from pale yellow to 
light pink during refluxing. 
distilled o f f  under vacuum, leaving 10.3 g. of straw-colored crystals 
wnich were recrystallized from petroleum ether (b.p. 60-68") .  A 
second recrystallization gave colorless crystals of m.p. 109-110"C. 

Calcd. for C17K30Si0 C, 73.31; H, 10.86 
Found C, 73.30; H, 13.90. 

The infrared spectrum showed the complete disappearance of 
tne hydroxyl band at 2.9/Ccand bands appeared at 8.0, 9-59 11.8, and 
13.25pas in the other phenyl trimethylsilyl ethers. There were also 
other changes in the spectrum due to skeletal vibrations. The spectra 
are shoum in Figure 4. 

Unsuccessful attempts were made to prepare this trimethyl- 
s l J ~ l  ether with hexamethyldisilazane and trimethylchlorosilane with- 
OUL pyridine, trimethylchlorosilane and pyridine without hexamethyl- 
disilazane, and hexamethyldisilazane and pyridine with 0nJ.y a drop of 
trim2thylchlorosilane as catalyst; a trace of ether was fnund in the 
last case. 

Formtion of Trimethylsilyl Ethers of Coal Hydrogenation Asphaltene 

A 10 g. sample of 2,6-di-t-butylphenol was refluxed for 24 

Solvent and unreacted reagents were 

i- 
>-- 

To 20 ml. of hexamethyldisilazane was added 1.0 g. of coal 
hydrogenation asphaltene and one drop of trimethylchlorosilane. Tne 
solution was refluxed under nitrogen for 3 days, and then the reagents 
;:ere distilled o f f  under vacuum. As the dry residue was somewhat 
soluble in neptane, it could not be washed. Instead, the product was 
vacuum oven-dried to constant weight. Infrared analysis indicated 
that essentially all hydroxyl groups had reacted. 

Ha 7.00; N, 1.15; 0, 6.60. 

to a hydroxyl content equivalent to 64% of the oxygen present in the 
original aspnaltene . 

Analysis of asphhtene before treatment: 

The treated asphaltene contained 6.21$-silicon, corresponding 

C, 85.25; 

Formation of Trimethylsilyl'Ethers of Coals 

Reflux method. A 5 g. sample of the coal, ground to -325 
mesh and dried t o  constant weight in a vacuum oven, was refluxed under 
nitrogen in a solution of 5 m l .  of trimethylchlorosilane and 10 ml. 

. of hexamethyldisilazane in 50 m l .  of dry pyridine.. "Gcept wnere noted 
(Table 2), the reflux period vias 4 days. At the end of this time, the 
reagents were distilled off  under vacuum. The reacted coal was washed 
with petroleum ether (b.p. 60-68") to remove the last traces of reagents 
and dried in a vacuum oven. Original ultimate analyses, silicon 
determinations, and qalculated percentages of hydroxyl in the coals, 
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based on the  uptake of s i l i con ,  a r e  shown i n  Table 1. Some of t h e  
da ta  a re  a l s o  shown i n  Figures  5 and 6. 

P re t r ea t ing  coa l  (Bruceton anthraxylon)  with boi l ing  water 
had no e f f e c t  on r;he determinable hydroxyl content  (Table 1). 

I; 
i; 
'I 

\ 
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I n  more recent  work r e f l u x  per iods  from 1 hour t o  8 days 
were t r i e d  on one coal .  A s  shown i n  Table 2, the r eac t ion  was 
e s s e n t i a l l y  complete afr;er only 1 hour. 
the  metilod was prec ise  t o  2 3% of the  oxygen content, based on the  
weiglit of t o t a l  oxygen i n  the  moisture- and ash-free coal.  

With t h i s  coa l  (14.5$ 0 )  

Table 2 .  - Zffec t  of time on formation of t r i m e t h y l s i l y l  
e t h e r s  i n  coal  from Hocking #b bed, Athens, Ohio. 

Time, S i l i c o n  i n  Oxygen as OH i n  OoH , z 
hours t r e a t e d  coal ,  $ o r i g i n a l  coal ,  $ Otota l  

1 8.08 5-07 35.0 
4 ~ 7.97 4.97 34.3 
24 8.35 5.33 36.8 
96 7.90 4.60 31.8 - 
96 7.57 4.91 33.9 
- 192 8.57 5.43 -- 37.5 

Average . 8.07' 5.05 34.9 

r 

Bomb method. I n  a small s t a i n l e s s  s t e e l  bomb (volume, 70 ml.) 
4.861 g .  of Bruceton anthraxylon, 5 ml. each of t r imethylcnlorosi lane 

f o r  5 hours. Tae product was t r e a t e d  as i n  t h e  r e f l u x  method. Resul ts  
a re  included i n  Table 1. 

, and hexamethyldisilazane, and 17 m l .  of pyridine were heated t o  150°C. 

A s  the  bomb method a t  e leva ted  temperature d id  not increase 
the number o f  t r i m e t h y l s i l y l  groups introduced i n t o  Bruceton anthraxylon, 
it showed t h a t  the  r eac t ion  had been r ap id ly  completed a t  r e f lux  
temperature i n  pyr id ine .  

S i l i con  Analysis 

followed by treatment of res idues with hydrof luor ic  ac id  t o  v o l a t i l i z e  
s i l i con .  The analyses ,  done i n  dupl icate ,  checked t o  within 2 O.l$. 

S i l i c o n  was determined by peroxide bomb fus ion  of the samples, 

---. -. 
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Discussion 

A recent  a r t i c l e  by Blom, Edelhausen, and Van Krevelen (6) 
reviews the var ious methods used f o r  determining hydroxyl groups i n  
coals .  The unce r t a in t i e s  i n  each of these methods indicace the need 
f o r  a more r e l i a b l e  method. Methylation by methyl s u l f a t e  i n  base (8) 
and by diazomethane (6)  gives  low values, presunibly clue co  incomplete 
react ion.  Ion-exchange, with barium hydroxide ( 9 )  may .give r i s e  c o  
hydrolysis  products and appears t o  s u f f e r  because of i naccess ib i l i t y  
i n  high-rank coals .  Potentiometric t i t r a t i o n  i n  etnylenediamine (10, 
11) determines not only the  ac id i c  hydroxyl, but a l s o  sucn groups as 
quinones and ac id i c  non-hydroxylic hydrogen; t h i s  method i s  a l so  
d i f f i c u l t  t o  reproduce. Different  procedures have been t r i e d  f o r  
ace ty la t ion  as wel l  as for est imat ing the  extent  o f  reac t ion  ( 6 ,  12, 
13, 14); each worker has reported d i f f e r e n t  values f o r  s imi l a r  r a m  
coals .  The sources of these va r i a t ions  i n  r e s u l t s  a r e  s t i l l  unex2lained. 

Comparison of the  da t a  i n  Table 1 and Figures 5 and 6 with 
published values showe the present  ones t o  be nigner  tnan tnose found 
by methylation (6, 8), lower than those found by ace ty l a t ion  (6) and 
ion-exchange (g), and similar t o  those determined by t i t r a t i o n  (10, 11) 
and ace ty la t ion  (12, 13, 14). Most of the  o ther  methods a r e  indirecl;, 
and e i t h e r  known s ide  reac t ions  or d i f f i c u l t i e s  i n  completing the 
reac t ion  throw doubt on the  r e l i a b i l i t y  of the r e s u l t s .  On the  other  
hand, the  present  method i s  easy and d i r e c t ,  has no known side reac t ions ,  
and i s  complete even'where o ther  reagents  f a i l  a l toge tner .  

may ind ica te  tha t - few highly hindered phenolic groups, such as i n  
2,6-di-t-butylphenol, a r e  present ,  s ince t h i s  phenol required 24 nours 
f o r  complete reac t ion .  

As concerns the s t ruc tu re  of coal ,  the  ease o f  e t h e r  formation 
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